According to the current consistent model for the higher plant Arabidopsis thaliana, the scheme for an immediate early response to the plant hormone cytokinin can be formulated as Arabidopsis histidine kinase (AHK) cytokinin receptor-mediated His ! Asp phosphorelay signal transduction. Nonetheless, clarification of the comprehensive picture of cytokinin-mediated signal transduction in this higher plant is at a very early stage. As a new approach to this end, we studied whether or not a certain Arabidopsis cell line (named T87) would be versatile for such work on cytokinin signal transduction. We show that T87 cells had the ability to respond to cytokinin, displaying the immediate early induction of type-A Arabidopsis response regulator (ARR) family genes (e.g., ARR6) at the transcriptional level. This event was further confirmed by employing the stable transgenic lines of T87 cells with a set of ARR::LUC reporter transgenes. We also show that T87 cells had the ability to respond to auxin when the expression of a set of AUX/IAA genes (e.g., IAA5) was examined. As postulated for intact plants, in T87 cells too, the induction of IAA5 by auxin was selectively inhibited in the presence of a proteasome inhibitor, while the induction of ARR6 by cytokinin was not significantly affected under the same conditions. Through transient expression assays with T87 protoplasts, it is shown that the intracellular localization profiles of the phosphorelay intermediate Arabidopsis histidine-containing phosphotransfer factor (AHPs; e.g., AHP1 and AHP4) were markedly affected in response to cytokinin, but those of type-A ARRs were not (e.g., ARR15 and ARR16). Taken together, we conclude that, in T87 cells, the AHK-dependent His ! Asp phosphorelay circuitry appears to be propagated in response to cytokinin, as in the case of plants, as far as the immediate early responses were concerned. This cultured cell system might therefore provide us with an alternative means to further characterize the mechanisms underlying cytokinin (and also auxin) responses at the molecular level.
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Cytokinins are a class of plant hormones important for regulating cell division and differentiation in plants. 1) In the higher plant, Arabidopsis thaliana, several independent lines of evidence have been provided during the last few years for that homologous histidine-kinases (AHK2, AHK3 and AHK4/CRE1/WOL) serve primarily as cytokinin receptors [2] [3] [4] [5] [6] which are involved in histidine-to-aspartate (His ! Asp) phosphorelay signal transduction. [7] [8] [9] The downstream components of the AHK-mediated signal transduction pathway are a set of phospho-accepting response regulators (ARRs). 10) They are basically classified into two distinct subtypes, among which expression of the type-A ARR family genes is rapidly induced by cytokinin at the level of transcription, [11] [12] [13] [14] [15] whereas the type-B ARR family members serve as transcriptional regulators for certain genes, including the type-A ARR family genes. [16] [17] [18] [19] [20] [21] [22] [23] Another downstream components are histidine-containing phosphotransmitters (AHPs) that most likely serve as intermediates of the phosphorelay between AHKs and ARRs. [24] [25] [26] [27] Taken together, the immediate early responses of plants to cytokinin can be formulated by the multi-step AHK ! AHP ! ARR phosphorelay circuit. 19) Indeed, the results of recent studies consistently support this scenario. 28) Nonetheless, clarification of the comprehensive picture of cytokinin-mediated signal transduction is at a very early stage. As a new approach to this end, we study here whether or not a certain Arabidopsis cell line (named T87) would be versatile for such studies on cytokinin signal transduction.
In general, established cultured cell lines are useful (or versatile) to study various aspects of cellular processes for any multicellular organisms. This is particularly true for higher plants in that numerous types of established cell lines have been widely and successfully employed. While Arabidopsis thaliana has become the most widely used model system for plant molecular biology, studies using homologous cell lines have been few, although a number of studies using protoplast-based primary cultures and/or heterologous cells have been reported. In fact, a large body of crucial evidence for the current consistent model for the cytokinin-mediated His ! Asp phosphorelay has been derived from the study in which Arabidopsis protoplastbased primary cultures were directly prepared from plants. 19) Nevertheless, in our experience, it is not so easy to reproducibly prepare a large amount of a homogeneous Arabidopsis protoplast-based primary culture. In this sense, an Arabidopsis stable cell line, if available, would provide us with an alternative means for studying the cytokinin-mediated signaling circuitry at the molecular level. For instance, a large amount of homogeneous protoplasts and a large variety of transgenic cell lines could be versatilely used for gene expression assays and biochemical analyses, with special reference to the action of cytokinin. To this end, here we have employed a certain Arabidopsis cell line, named T87, which had been established a decade ago from the ecotype Columbia. 29) In the original study, this cell line was employed to establish a protocol for transient gene expression assays with protoplasts. Since then, few reports with regard to T87 cells have appeared. However, several intriguing reports have recently been published in which the experimental conditions for T87 cells were refined. 30, 31) More importantly, a response to hyperosmotic stress was observed for T87 cells at the level of gene expression, 32) and an abscisic acid (ABA)-mediated signaling pathway was also characterized in terms of dehydration stress. 33) We have recently succeeded in demonstrating that T87 cells retained a clock function which provided the ability to generate a circadian rhythm. 34, 35) These facts encouraged us to employ T87 cells as an alterative tool for studies on cytokinin responses which we have been characterizing for intact plants.
The objectives of this study are twofold: we attempt to refine the experimental procedures for T87 cells, including optimization of the growth conditions, establishment of stable transgenic cell lines, and examination of transient gene expression assays with protoplasts; we also examine whether or not T87 cells can respond to cytokinin at the molecular level. We show that the immediate early His ! Asp phosphorelay signal transduction pathway could be propagated in T87 cells, resulting in the rapid induction of type-A ARR family genes. Furthermore, T87 cells showed the ability to respond to auxin when the expression of a set of the AUX/IAA and GH3 families of auxin-inducible genes was monitored. Taking these features of T87 cells together, we take several new approaches to gain insight into cytokinin-mediated His ! Asp phosphorelay signal transduction.
Materials and Methods
T87 cells and growth conditions. Axelos et al. have previously established a cell line (named T87) from the Arabidopsis thaliana ecotype, Columbia.
29) The suspension culture was obtained from The RIKEN Plant Cell Bank (http://www.rtc.riken.go.jp/pcb/indexPCBj.html; RIKEN, Yokohama, Japan). After refining the growth conditions, we adopted a simple liquid medium, designated as GB5 medium. This medium (1 liter, pH 5.7) consisted of 3.3 g of Gamborg's B5 salt mixture (Wako, Tokyo, Japan), 1 ml of diluted Gamborg's vitamin solution (Â1000; Sigma-Aldrich, St. Louis, MO, U.S.A.), 0.5 g of 2-morpholinoethanesulfonic acid monohydrate (MES), 1.5% (w/v) sucrose, and 1 M 1-naphthalene acetic acid (NAA). After the T87 cells had been grown in the GB5 liquid medium (10 ml or 100 ml), they were incubated in a flask (100 ml or 500 ml) under continuous white light (50 mol m À2 s À1 ) at 22 C while shaking on a rotary shaker (120 r.p.m.). To maintain the T87 cells, an aliquot (3 ml) of wellgrown cells was filtered through an autoclaved nylon mesh (0.5 mm in diameter), and the harvested cells were inoculated again into fresh GB5 liquid medium occasionally (e.g., 8-day interval). When the GB5 solid medium was used, an aliquot of vigorously growing cells in the GB5 liquid medium was spread on the GB5 solid medium containing 3.0% (w/v) sucrose, 1 M NAA, and 0.6% agar powder (Yoneyama, Osaka, Japan). Several blocks of well-grown aggregate were occasionally (e.g., 10-day interval) transferred on a fresh GB5solid medium for maintenance.
Treatment of T87 cells with plant hormones. T87 cells were grown in the GB5 liquid medium (50 ml) for 8 days as just described, into which cytokinin was directly added. When the cells were treated with auxin, those grown in the GB5 medium containing NAA were harvested by centrifugation, and then washed with the GB5 medium without NAA. The cells were inoculated into a fresh GB5 medium without NAA. The T87 cells grew exponentially, even in this auxin-free medium, for at least for 8 days. The cells grown in the auxin-free medium were then treated with auxin. At appropriate intervals, the hormone-treated cells were harvested by filtration, and RNA was extracted as described later.
Construction of recombinant genes. An approximately1.8-kb fragment encompassing the 5 0 -upstream DNA sequence of the ARR6 promoter was amplified by the polymerase chain reaction (PCR) with a primer set of 5 0 -TTAAGCTTCTTTCATAGCTTTCTCACCG-3 0 and 5 0 -TTTCTAGAATGGTTGAGAATCTCCATCT-3 0 . Simi-larly, an approximately 1.5-kb fragment encompassing the 5 0 -upstream DNA sequence of the ARR7 promoter was amplified with a primer set of 5 0 -TTTTTTCTA-GATTCTTGTAGATCTCAA-3 0 and 5 0 -GTAACTCTA-GAATCTCCACCGGCGGG-3
0 . An approximately 1.6-kb fragment encompassing the 5 0 -upstream DNA sequence of the ARR15 promoter was also amplified with a primer set of 5 0 -AGGTCTAGACGGGCGGCAATGTC-GATTG-3 0 and 5 0 -GAAGATCTAGAAGAAGATAA-ATCTCTGAGAG-3 0 . These isolated DNA fragments were fused with the modified firefly LUC+gene on pSPluc+ (Promega, Madison, WI, U.S.A.) at the HindII/ NdeI sites. The resulting ARR6::LUC, ARR7::LUC and ARR15::LUC constructs were respectively cloned on to an Agrobacterium binary vector (named pABH). To construct a series of plasmids each expressing fluorescent protein fusion, we purchased appropriate vectors (named pECFP and pEYFP) that contained the ECFP and EYFP coding sequences (BD Biosciences, Palo Alto, CA, U.S.A.). The ECFP and EYFP coding sequences were each cloned on to an Agrobacterium binary vector (named pBSIISK+), so as to be under the control of the CaMV 35S promoter, to respectively yield pBS-ECFP and pBS-EYFP. The recombinant genes constructed in this study by using the binary vectors were eCFP::ARR15, eYFP::ARR16, eCFP::AHP1 and eCFP::AHP4. The entire coding sequences of these genes have been previously cloned. 25, 36) In order to fuse these entire coding sequences at their N-termini inframe to the eCFP and eYFP coding sequences on the plasmids (pBS-ECFP and pBS-EYFP), each coding sequence of ARR15, ARR16, AHP1 and AHP4 was amplified by PCR with the following sets of primers to create EcoRI sites at both ends: ARR15, 5 0 -GGG-AATTCCATGGCTCTCAGAGATTTATC-3 0 and 5
0 . These DNA fragments were inserted into pBS-ECFP and pBS-EYFP at the EcoRI sites to yield the eCFP::ARR15, eYFP::ARR16, eCFP::AHP1 and eCFP:: AHP4 recombinant genes.
Establishment of stable transgenic lines of T87 cells. The T87 cells were transformed according to an Agrobacterium-mediated DNA delivery method. Cells were grown in the GB5 medium, and then an aliquot (5 ml, 30 mg ml À1 of wet cells) was mixed in the GB5 medium with Agrobacterium cells (1 mg of wet A. tumefaciens C58C1 cells) harboring binary vectors each containing appropriate transgene. After incubating the mixture for 48 h, the resulting cultured cells were extensively washed with the GB5 medium containing cefotaxime (200 g ml À1 ), and were then further incubated for 48 h in the GB5 medium with cefotaxime. The cells were spread on autoclaved Hybond-NX filters (Amersham Pharmacia, Buckinghamshire, England) which had been placed on the GB5 solid medium with cefotaxime. They were grown in the absence of hygromycin B for 48 h. The resulting filters were lifted and transferred on to a fresh GB5 solid medium with cefotaxime and hygromycin B (10 g ml À1 ). After incubating the plates for about 2 weeks, hygromycin-resistant cells appeared on the plates. To establish transgenic cell lines, the resulting hygromycin-resistant callus-like cells were further selected by successively transferring on to a fresh GB5 solid medium with cefotaxime and hygromycin B at 10-day intervals. We accordingly established several independent transgenic cell lines each carrying an appropriate transgene that was characterized in this study (i.e., ARR6::LUC, ARR7::LUC and ARR15::LUC) RNA preparation and Northern blot hybridization. RNA samples were prepared from T87 cells by essentially the same procedure as the conventional method for plants as described previously.
13) The RNA samples were subjected to a Northern blot hybridization as also described previously. 13) Each specific DNA probe was radioactively labeled for the Northern blot hybridization as described. 36, 37) The DNA probes respectively used to detect ARR6, ARR7 and ARR15 have also been described previously. 36, 37) Other specific DNA probes were prepared from genomic DNA (Columbia ecotype) by PCR (reverse transcriptase-based polymerase chain reaction) amplification with an appropriate pair of primers: IAA1, 5 0 -CCATTGTCTCAAAACACC-TTTTGG-3 0 and 5
Bioluminescence assays. T87 transgenic cells were grown on the GB5 solid medium as already described. The cells were sprayed with a fine mist containing luciferin (5 mM) dissolved in water containing 0.01% Triton X-100, and then incubated for 24 h. The cells were further treated in a similar way with cytokyinin. The plates were then placed in a luminometer (ARGUS-50 and/or AQUACOSMOS-VIM; Hamamatsu Photonics, Hamamatsu, Japan). Alternatively, a few blocks of well-grown callus-like cells were put into a glass vial containing the GB5 solid medium and incubated for 3 d. The cells in the vials were treated with a fine mist of luciferin (5 mM) and also with a fine mist of cytokinin (10 M) as already described. Bioluminescence assays were carried out with the monitoring system that had been developed by Kondo et al. 38) This system enabled the intensity of bioluminescence to be detected for each vial by a photomultiplier detector tube (Hamamatsu 931B, Hamamatsu Photonics, Hamamatsu, Japan). The photomultiplier detector was enclosed in a light-tight box. A microcomputer controlled the box containing the photomultiplier detector to move along a guide rail to sequentially measure bioluminescence from in-lineplaced vials every 30 min. Other details have been previously described. 35) Protoplast formation and transient expression assays. To refine the protocol for protoplast formation from the T87 cells, the method of Takeuchi et al. was intensively modified. 39 ) T87 cells (6-day cultivation; 2 g in wet weight) were incubated in a solution (20 ml) containing 1% (w/v) cellulase (Yakult, Tokyo, Japan), 0.05% (w/v) pectolyase Y-23 (Kikkoman, Tokyo, Japan), 0.4 M mannitol and 5 mM EGTA for 1 h to generate protoplasts. The resulting protoplasts were successively passed through nylon meshfilters (0.5 mm and 45 m in sieves) to remove the remaining cell aggregate, before being collected by centrifugation (10 min, 100 Â g). The collected protoplasts were suspended in a solution (5 ml) containing 0.4 M mannitol, 70 mM CaCl 2 , and 5 mM MES (pH 5.7). This solution was loaded on to 21% (w/v) sucrose (20 ml in a centrifugation tube), and centrifuged with a swing rotor (10 min, 100 Â g) to collect the fractions containing intact protoplasts (about 15 ml). The protoplasts were collected by centrifugation, and suspended in a solution (1 ml) containing 0.4 M mannitol, 15 mM MgCl 2 , and 5 mM MES (pH 5.7). Aliquots (100 l each) were then used for transforming the protoplasts with DNA. To the protoplasts were added 20 g of plasmid DNA and 20 g carrier DNA, and then a solution (100 l) containing 40% (w/v) polyethylene glycol 4000, 0.4 M mannitol, and 0.1 M Ca(NO 3 ) 2 was further added. The suspension was gently mixed and left to stand on ice for 20 min, before the serial addition of a solution containing 0.4 M mannitol, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose, and 1.5 mM MES at pH 5.7 (0.2 ml, 0.4 ml. 0.8 ml, and then 1.6 ml at 15 min-intervals). Protoplasts were collected and suspended in 2 ml of the GB5 medium supplemented with 0.4 M mannitol. They were incubated under gentle agitation at 23 C for 16 h in the darkness, before being subjected to a transient gene expression assay.
Microscopic observation. eCFP and eYFP fluorescence images were observed with a fluorescence microscope (ECLIPSE E600, Nikon, Tokyo, Japan). DNA was stained with DAPI (5 ng ml À1 ; 4,6-diamidino-2-phenylindole dihydrochloride) for 5 min. Fluorescent signals were collected with a single band pass filter for the excitation of YFP, CFP and DAPI. Images were collected with a cooled CCD camera (HAMAMATSU C4742, Hamamatsu Photonics, Hamamatsu, Japan), controlled by AQUACOSMOS (version 1.3), and then processed by Adobe Photoshop (version 5.0).
Results and Discussion
Refinement of the growth conditions for T87 cells To examine the T87 cells for their plant hormone responses, it was first necessary to adequately refine the growth conditions. In the original report, 29) T87 cells were grown in a very complex liquid medium (named the JPL medium). According to the previous note, 30) we adopted in this study a simple medium (designated as GB5) that basically contained the Gamborg's B5 salt mixture supplemented with 1.5% (w/v) sucrose and 1 M 1-naphthalene acetic acid (an derivative of auxins, NAA). It was particularly important to use such a simple medium in order to minimize the risk of contamination by fungi and bacteria during the prolonged cultivation of T87 cells in the subsequent experiments. To stably maintain the T87 cells in our laboratory, an aliquot of well-grown cells was repeatedly transferred into a fresh GB5 medium, at approximately an 8-day interval. When inoculated into a fresh GB5 medium, the T87 cells started proliferating rapidly under continuous light (Fig. 1A) . The well-grown culture was greenish in color, they showed an aggregate of greenish cells when inspected under a microscope (Fig. 1A) . These cells contained considerable amounts of chlorophyll-related compounds (Fig. 1A) . It was thus suspected that T87 cells might grow under these conditions in a chemomixotrophic manner. However, they never grew in the GB5 medium without sucrose (data not shown), suggesting that the obligatory mode of growth was heterotrophic. Accordingly, T87 cells grew even in the darkness at a comparable level to that in the light, proliferating without any accumulation of chlorophyllrelated compounds (Fig. 1B) . As shown in Fig. 1C , it was also possible to cultivate T87 cells on the GB5 solid medium, on which T87 cells grew up by forming calluslike foci (or aggregates). After making these refinements to the growth conditions for our own experiments, we are now ready to reliably characterize this cell line with reference to cytokinin responses.
T87 cells respond to exogenous cytokinin and auxin
The GB5 liquid medium was basically supplemented with auxin (1 M NAA), but not cytokinin. With regard to auxin, 0.1 M of NAA was sufficient to support the growth of T87 cells, while a higher concentration of NAA (10 M) inhibited the cell growth ( Fig. 2A) . We then examined the effect of cytokinin on the growth of T87 cells. Under the conditions examined, the addition of cytokinin (t-zeatin) had little effect on the growth profile (Fig. 2B) . We then asked the first question of whether or not T87 cells retain the ability to respond to cytokinin, as in the case of intact plants.
As mentioned earlier (see the Introduction section), the treatment of plants with cytokinin resulted in rapid induction of the type-A ARR family genes, 36, 37) including ARR6, ARR7 and ARR15. These events are the molecular hallmark of immediate early responses of plants to cytokinin. This event in plants was demonstrated here for ARR6 by Northern blot hybridization analysis (Fig. 2C, uppermost panel) . The growing T87 cells in the GB5 liquid medium were treated with cytokinin by adding this hormone directly into the medium (a final concentration of 10 M t-zeatin). The results of Northern blot hybridization analyses showed that the transcript of ARR6 was accumulated in T87 cells in response to cytokinin, as rapidly as in plants (Fig. 2C) . Essentially the same events were observed for other type-A ARR genes (ARR7 and ARR15), as also shown (Fig. 2C) .
We next examined whether or not T87 cells have the ability to respond to auxin. T87 cells were grown in the GB5 liquid medium containing 1 M NAA, and then the cells were washed with the GB5 medium without auxin. The cells were inoculated into a fresh GB5 medium without auxin. After incubating the T87 cells for several days, they were treated with 10 M indoleacetic acid (a derivative of auxins, IAA), and then analyzed by Northern blot hybridization. The characterized genes were IAA1, IAA5 and AUR3, all of which are hallmarked auxin-inducible genes. 40, 41) The transcripts of IAA1, Similarly, T87 cells were grown in a GB5 liquid medium in the absence or presence of exogenous cytokinin (t-zeatin). (C) T87 cells, grown in the absence of cytokinin (8 days of incubation as in B), were treated with t-zeatin (a final concentration of 10 M). In the control experiments, a solvent (DMSO) without cytokinin was added. At the indicated intervals, the cells were harvested to prepare RNA, before being analyzed by Northern blot hybridization with respective probes specific to ARR6, ARR7 and ARR15, together with a probe specific to UBQ10 as a reference. (D) Similarly, the cells treated with IAA (a final concentration of 10 mM) were examined with respective probes specific to IAA1, IAA5 and AUR3. T87 cells were also grown on a GB5 solid medium containing 3% (w/v) sucrose, under continuous light. The plates were photographed at the initial stage of incubation, and also after 10 days of incubation. Under these growth conditions, the well-grown cells were repeatedly transferred to a fresh medium at appropriate intervals, as indicated, in order to routinely maintain these cells in our laboratory.
IAA5 and AUR3 were dramatically induced under these conditions (Fig. 2D) . This indicated that T87 cells respond to not only cytokinin, but also auxin, as far as their immediate early responses at the level of transcription were concerned.
Real-time monitoring of cytokinin responses with stable transgenic cell lines
To further examine T87 cells with reference to their cytokinin responses, we made refinements to the transformation procedures of T87 cells, in order to establish appropriate transgenic cell lines. In other words, we wanted to establish a transgenic cell line carrying a cytokinin-inducible ARR6-promoter::LUC (luciferase) transgene. T87 cells were transformed, according to an Agrobacterium-mediated DNA delivery method (see the Materials and Methods section). In addition to a number of independent ARR6::LUC transgenic lines, other transgenic lines each carrying ARR7::LUC and ARR15:: LUC were also established in this study. The established transgenic cell lines (i.e., ARR6::LUC, ARR7::LUC and ARR15::LUC) were examined in terms of the cytokinin response, by monitoring bioluminescence (Fig. 3 ). Transgenic ARR6::LUC cells were grown on the GB5 solid medium for several days, they were then treated with luciferin and cytokinin at appropriate timings (Fig. 3A) . When monitored with a bioluminescence detection system, a rapid induction of ARR6::LUC was observed in response to t-zeatin, but not IAA. Other cytokinin derivatives tested were also effective, including benzyl-adenine (BA, Fig. 3 ), iso-pentenyl-adenine and thidiazuron (data not shown). Essentially the same events were observed for the transgenic lines each carrying ARR7::LUC and ARR15::LUC (data not shown).
In order to evaluate the foregoing results of T87 cells in comparison with those of intact plants, the same ARR6::LUC and ARR7::LUC constructs as those introduced into T87 cells were also introduced into intact plants (Columbia ecotype). For each transgenic plant line, T3 seeds homozygous with regard to the ARR::LUC transgenes (ARR6::LUC and ARR7::LUC) were established, and then young seedlings (10-day-old) were treated with t-zeatin. When the bioluminescence of these plants was monitored, both the transgenic plants rapidly responded to t-zeatin (Fig. 3B ) in a fashion similar to that observed for the transgenic T87 cell lines (Fig. 3A) .
As an alternative method, a few blocks of callus-like aggregate of these transgenic cell lines were put into a glass vial containing the GB5 solid medium. When these samples were analyzed with a bioluminescence detection system, 35, 38) we observed the real-time kinetics of cytokinin response with regard to ARR6::LUC, ARR7:: LUC and ARR15::LUC in a quantitative manner (Figs. 3C, 3D and 3E, respectively) . In these experiments with the ARR::LUC fusions, the kinetics of induction of ARRs were apparently slower than the results from Northern blot hybridization analyses (see (A) A transgenic line carrying ARR6::LUC was grown on GB5 agar plates (see pictures for the cells used). They were respectively treated with DMSO, t-zeatin, BA and IAA and then monitored with a bioluminescence detection system. (B) T3 transgenic young seedlings, respectively carrying homozygous ARR6::LUC and ARR7::LUC were grown on MS agar plates. They were treated with t-zeatin and then analyzed with a bioluminescence detection system as described previously.
36) (C, D and E) Transgenic cell lines, respectively carrying ARR6:LUC, ARR7::LUC and ARR15::LUC were grown on GB5 agar plates. After being treated with t-zeatin at the indicated times, the kinetics of change in bioluminescence intensity were followed in real-time as described previously. 35, 38) Fig. 2) . This was probably because we detected the transcription/translation products (i.e., LUC-proteins) in Fig. 3 , whereas the immediate transcripts (i.e., ARRmRNAs) were detected in Fig. 2 . In any event, taking these results together (Figs. 2 and 3) , we conclude that T87 cells provide an advantageous means to characterize the cytokinin-dependent His ! Asp phosphorelay pathway, as will be further examined.
Characterization of the intracellular localization of cytokinin-inducible type-A ARRs by transient expression assays in T87 cell-derived protoplasts
As already mentioned (see the Introduction section), the type-B ARR family members act as nuclearlocalized DNA-binding transcriptional regulators, whereas the biological function of the cytokinin-inducible type-A ARR family members has yet been fully defined. It is therefore crucial to gain insight into the intracellular localization of the type-A ARR family proteins. We have previously shown that ARR6, ARR7 and ARR15, but not ARR16, were localized in the nucleus when each protein fused to the green fluorescent protein (GFP) was expressed in onion epidermal cells. 20, 37) However, we did not known whether such heterologous onion epidermal cells would be adequate for assays of the cellular localization of ARRs, because it is not certain whether or not onion epidermal cells properly respond to cytokinin. We therefore conducted transient expression assays with T87 protoplasts to examine the intracellular localization of the proteins in question. The refined procedures (see the Materials and Methods section) were used to introduce appropriate transgenes into the T87 protoplasts. The introduced transgenes were ARR15 fused to eCFP (encoding the enhanced cyan fluorescent protein) and ARR16 fused to eYFP (encoding the enhanced yellow fluorescent protein). The transformed protoplasts expressing these recombinant proteins were examined under a microscope to show that the fluorescence of eCFP::ARR15 was confined to a particular region (Fig. 4C ) in a fashion similar to that for the DAPI-stained nuclear DNA (Fig. 4A) . In contrast, the fluorescence of eYFP::ARR16 was distributed throughout the cytoplasmic region, excluding the vacuoles (Fig. 4D) , the profile of which was similar to that observed for eCFP (Fig. 4B) . These results are consistent with the previous assumption that ARR15 was predominantly localized in the nuclei of onion epidermal cells, whereas ARR16 was mainly found in the cytoplasm, if not exclusively. We then treated these T87 protoplasts with cytokinin (10 M tzeatin), but the intracellular localization profile was not affected in either eCFP::ARR15 or eYFP::ARR16 (data not shown).
Rationale for further experiments with T87cells
The results of the experiments just described suggested that T87 cells might provide an alternative means to characterize cytokinin responses at the molecular level.
One can take several biochemical and pharmacological approaches with special reference to cytokinin signaling, some of which might otherwise be difficult to perform when using intact plants. We therefore addressed two new issues. According to the current model in respect of the immediate early responses to auxin in plants, it has been postulated that the transcription of auxin-inducible genes (e.g., IAA5) is activated by an auxin-responsive transcription factor (ARF). 42, 43) It is also postulated that an AUX/IAA family protein inhibits the function of ARF by forming an AUX/IAA-ARF complex. Such an AUX/IAA inhibitor is degraded in an SCF TIR1 and proteasome-dependent manner in response to auxin, thereby resulting in the activation of auxin-responsive genes by the liberated ARF transcription factor. In contrast, it has also been proposed that the immediate transcription of cytokinin-inducible genes (e.g., ARR6) is enhanced by a type-B ARR transcription factor (e.g., ARR1) that is activated through the AHK-mediated His ! Asp phosphorelay.
9) Such a type-B ARR transcription factor appears to be activated by phosphorylation per se. If these current models for intact plants were applicable to T87 cells too, the observed induction of IAA5 by auxin in T87 cells would be inhibited by pretreating the cells with a proteasome inhibitor (e.g., MG132). It would then be interest to examine whether or not the induction of ARR6 by cytokinin in T87 cells was also affected by such a treatment with a proteasome inhibitor. The second issue concerning the model of AHK-mediated His ! Asp phosphorelay is postulation that the AHK cytokinin receptors are localized in the membrane, whereas the type-B ARR trnscription factors are located in the nucleus. The question then arises as to how do these AHK and ARR proteins interact with each other. It has previously proposed (see the Introduction section) that AHPs act as phosophorelay intermediates connecting the AHK and ARR proteins. Therefore, it is of interest to examine the intracellular localization of the AHP factors. It is also crucial to see if the intracellular localization of AHPs would be affected by cytokinin, as has preliminarily been suggested. 19) We address these critical issues in the following experiments by applying the advantages of T87 cells.
The acute induction of the type-A ARR family genes in T87 cells in response to cytokinin is not interfered with by proteasome inhibitors
As shown in Fig. 5A , the cytokinin treatment of T87 cells resulted in the induction of ARR6, but the transcript of IAA5 was not accumulated. On the other hand, the auxin (IAA) treatment of T87 cells resulted in the induction of IAA5, but not ARR6. When T87 cells were treated simultaneously with both cytokinin and auxin, both the transcripts of ARR6 and IAA5 were concomitantly induced (Figs. 5A and 5B). These experiments were carried out in the absence of a proteasome inhibitor (MG132). However, if the T87 cells were pre-treated with MG132, the induction of IAA5 by auxin was selectively inhibited (Figs. 5B and 5D ), while that of ARR6 was not (Figs. 5B and 5C ). In other words, the induction of ARR6 by cytokinin was far less sensitive to MG132. These results are consistent with the view that IAA5 is induced in T87 cells by auxin through a proteosome-dependent mechanism. It was also suggested that such a proteasome-dependent protein degradation process is not directly implicated in the immediate early induction of ARR6 in response to cytokinin. However, it may be significant that the steady-state basal expression level of ARR6 was reduced (Figs. 5B and 5C). This may be explained by assuming that the basal expression level of ARR6 in the absence of exogenous cyutokin might be dependent on another transcriptional regulatory system in which a porteasomemediated pathway is implicated.
Intracellular localization of AHPs in T87 cells is affected in a cytokinin-dependent manner
The established procedures for transient expression assays on the T87 protoplasts (see Fig. 4 ) were used to examine a set of eCFP::AHP1 and eCFP::AHP4 constructs to see the intracellular localization profiles of these AHP factors (Fig. 6 ). In the absence of cytokinin, these fusion proteins displayed fluorescence profiles very similar to that observed for eCFP itself. They could be detected almost anywhere inside the cells, possibly within both the cytoplasm and nucleus (but excluding the vacuoles). Upon treating the protoplasts with cytokinin, eCFP::AHP1 and eCFP::AHP4 were both confined to a particular region (most likely the nucleus), while the profile of eCFP itself was not significantly changed in the absence or presence of cytokinin (Fig. 6) . As a reference, we attempted to stain the same eCFP::AHP1 cells doubly with DAPI in order to detect the chromosomal DNA. However, the fluorescence of eCFP severely interfered with the detection of the DAPI signal under our experimental conditions; the reason for this is unknown. It has therefore not yet been proved that the localized region in question is the nucleus. However, our results at least demonstrated that the localization of both AHP1 and AHP4 was affected by treating the protoplasts with cytokinin. Although the underlying molecular mechanism is not known, this observation can best be explained by assuming that cytokinin somehow induced a nuclear-localization process of AHPs.
Conclusion
We employed T87 cells for the first time to extend our studies on the cytokinin signaling circuitry in Arabidopsis thaliana. The results provided us with several intriguing insights into the His ! Asp phosphorelay signal transduction processes in response to plant hormones. First of all, we refined the procedure for our experiments in respect to reliable growth conditions for the T87 cells (Fig. 1) , reproducible transformation procedures to readily establish transgenic cell lines (Fig. 3) , and reliable procedures for transient gene expression assays (Fig. 4 ). We could demonstrate that T87 cells had the ability to respond to exogenous cytokinin (Fig. 2) . This event was further confirmed by adopting stable transgenic cell lines with a set of appropriate ARR::LUC transgenes (Fig. 3) . We thus conclude that the AHK-dependent His ! Asp phosphorelay circuitry could be propagated in response to cytokinin in T87 cells in respect of the immediate early responses were concerned.
T87 cells also had the ability to respond to auxin when the expression of a set of AUX/IAA genes was monitored (Fig. 2) . The transcription of IAA5 was induced by auxin in T87 cells through a proteosomedependent mechanism, as has been postulated in plants (Fig. 5D) . Such a proteasome-dependent protein degradation process appears not to be directly implicated in the mechanism underlying the acute induction of ARR6 in response to cytokinin (Fig. 5C) .
Transient expression assays with protoplasts indicated that ARR15 was localized in the nucleus, whereas ARR16 was mainly localized in the cytoplasmic space (Fig. 4) . Importantly, the different localization of these type-A ARR proteins was not significantly affected in response to cytokinin. However, we observed that the intracellular localization of the phosphorelay intermediate AHPs was markedly affected in response to cytokinin (Fig. 6 ). This suggests that AHPs might have the ability to shuttle between the cytoplasmic space and nucleus, and that this event might be crucial for the cytokinin-mediated His ! Asp phosphorelay circuitry.
It is not certain whether or not the cytokinin responses observed in T87 cells completely reflect the events in intact plants. However, this cultured cell system might provide an alternative means to further characterize the mechanisms underlying cytokinin responses (and also auxin responses) at the molecular level. As already emphasized, a large amount of homogeneous protoplasts and a large variety of transgenic cell lines could be versatilely used for gene expression assays and biochemical analyses with special reference to the action of cytokinin.
